The aim of this study is to analyse from the thermodynamic, environmental and economic point of view an ORC for heat recovery from urban waste, using R245fa as a working fluid on the example of Terceira Island (Azores). The proposed ORC system includes two evaporators, two turbines, a condenser, a pump and a generator. The thermodynamic model is created using the Visual Basic programming language. In order to analyse the influence of pressure, temperature and mass flow on net output, efficiency, and mass flow rate of the power plant, the sensibility analysis is carried out. The results show that from the energetic point of view, urban waste recovery (using an ORC) could be a viable solution on Terceira Island, since the maximum net output produced from this system for a mass rate of 19 727 tonnes is 485 kW. The efficiency of the ORC is 25 %. Environmentally, the incineration of the urban waste produced on the island is a positive solution for these residues since it will reduce the amount of waste deposited in the landfill. However, this project is not economically viable. The losses estimated in this study exceed 500 000 EUR (per year).
INTRODUCTION
Industrialization, along with population growth, has been contributing to the increase in energy consumption worldwide. To cope with the demand, the energy supply has also increased. However, fossil fuels are still the primary source of energy used in the world, representing 82 % of the primary energy consumption [1], [2] . Concerns have been raised regarding the availability and utilization of these sources of energy. Therefore, the European Union (EU) has established strategies to decrease greenhouse gas emissions to at least 20 % lower than 1990 levels [3] . As a result, there is a search for reliable alternative sources of energy, that will replace fossil fuels in the final energy-mix, reduce emissions of CO2 into the atmosphere and decrease greenhouse gas emissions [4] - [6] . Heat technologies and combined heat and power production have been studied over the years, as promising solutions for waste heat recovery, as a way of decrease the emissions of CO2 into the atmosphere and reduce the number of residues deposited in the landfill. Technological advances allowed t he transformation of waste in value added products (in a circular economy) [7] . ORC, Kalina cycle, Goswami cycle and supercritical carbon dioxide cycle are some of these technologies [8] , [9] .
Great attention has been paid to sustainable energy systems as ORC systems due to its relatively low costs, and potential for both heat and electricity production [9 ] , [10] . This system involves the circular economy concept were waste is utilized as a feedstock for further Environmental and Climate Technologies ____________________________________________________________________________ 2019 / 23 349 heat or energy production, avoiding landfill investments, reducing the amount of waste, or even generating revenues, through the sale of energy [11] . The ORC is similar to a normal Rankine cycle operating with steam. However, ORC uses an organic compound as a working fluid, with a lower ebullition temperature than water, which allows power generation from low-temperature heat sources [12] . The selection of the appropriate working fluid is done according to the critical temperature, critical pressure, and boiling temperature at several pressures [13] . Working fluids can be classified into three categories (1) dry fluidsderived math of the T-S diagram curve is positive (dT/dS); (2) isentropic fluidsderived math of the T-S diagram curve is infinite (dT/dS); (3) humid fluidsderived math of the T-S diagram curve is negative (dT/dS) [14] .
The efficiency of the ORCs depends largely on the components of the system and on parameters such as temperature, pressure, and mass flow. The conceptual scheme of a basic ORC is composed of four main components: an evaporator, a condenser, a turbine expander and a pump, that have four main reversible steps: isentropic expansion, heat rejection, isentropic compression, and heat injection. In the isentropic expansion, the vapour drifts into the turbine and its enthalpy is transformed into work, used by the generator. Next, in the heat rejection stage, the vapour from the turbine is directed into the condenser where it is liquefied by cooling water. The isentropic compression consists of the pressurization (by the pump) of the liquid obtained at the condenser outlet and its flow into the evaporator. Finally, in the heat injection stage, the working fluid is heated and compressed (from low pressure to highpressure) by the heat source. After this, a new cycle starts [15] , [16] .
However, ORC still allows for a relatively low performance mainly due to the low temperatures in the evaporator [17] . A way to improve the energetic efficiency of the cycle is to change the configuration of the ORC and add more components to the system [10] , [11] . Mago et al. [18] studied the performance of the ORC by adding a regenerative cycle to the system. The results show that this configuration gives higher efficiencies, lower irreversibility, and lower heat requirements. Two-stage ORC (combining reheat and superheat) has also been reported in the literature as an effective solution to increase the network output and the thermal efficiency of the cycle [19] . Wang et al. [17] investigated the potential of this technology to improve the performance of the ORC. The authors concluded that this configuration decreased irreversible losses, enhanced the evaporation temperature, and improved the efficiency of the cycle. Similar results have been reported by Li et al. [20] and Rech et al. [21] . Besides the performance, when it refers to the implementation and installation of cogeneration or combined heat and power, other factors should be considered. The technical and economic viability of the project should be insured even despite the amount of feedstock available, price of electricity or distribution to the grid. A solution to ensure a high efficiency of the system and a sustainable energy supply is the appropriate planning of the size and capacity of the cogeneration system [9] . This not only gives the optimum operating conditions for the system but also allows to achieve the maximum efficiency of the cycle using the local waste production.
This paper aims to model and simulate a thermodynamic model of an ORC combining reheat and superheat, for waste heat recovery in Terceira Island, Azores, Portugal. The proposed ORC system includes two evaporators, two turbines, a condenser, a pump and a generator. For this, the influence of pressure, temperature and mass flow on net output, efficiency, and mass flow rate of the power are analysed. The results are compared with the actual performance and efficiency of the local incinerator (fully operating since 2017), and suggestions to improve its performance are proposed. The study also takes into consideration the environmental and economic analysis of the project. 
CASE STUDY
Terceira Island is the second biggest island of the Azores Archipelago (Autonomous Region of Portugal). It has 56 141 inhabitants [22] and two municipalities (Angra do Heroísmo and Praia da Vitória), divided by civil parishes. The characterization of the production and consumption of energy in the island is presented in Fig. 1 . All the urban waste produced on the island goes to the local landfill. In 2017, the quantity of urban waste produced in Terceira Island was 33 179 tonnes ( Fig. 2 From 2011 to 2014 the urban waste of the island had two final destinations: composting and landfill. In 2015 an incinerator was installed on the island, reducing drastically the number of residues deposited in the landfill, and increasing the number of recycled residues ( Fig. 3 ). In 2017, 2 638 tonnes of residues were deposited in the landfill, 9 942 tonnes were utilized for composting and 20 599 tonnes were energetically valorised in the local incinerator (built in 2015, fully operating since 2017 and with a capacity for 40 000 ton nes).
METHODOLOGY

Thermodynamic Modelling and Simulation
The thermodynamic model used in this study ( Fig. 4 ) is composed of two turbines, one generator, one condenser, one pump, and two evaporators. The working fluid employed in this research was R245fa. This set-up (combining reheat and superheat) was chosen mainly due to its well-known advantages. When compared with a simple ORC cycle, combined reheat and superheat improves the work output from the turbine, the steam quality and the cycle efficiency [25] . Also, research has shown that ORC has clearly a better performance when compared to Steam Rankine Cycle (SRC) (using water as the working fluid). It enables internal heat recovery, higher turbine efficiencies, and net power outputs [26] . R245fa was 352 chosen as a working fluid because, when compared with refrigerants such as R11, R114 or R141b, it has zero Ozone Depletion Potential, lower global warming potential, low toxicity, and it is non-flammable [27] . In addition, certain disadvantages of the utilization of water as a working fluid have been reported in the literature. It is extremely corrosive and it has a relatively high freezing temperature [28] .
The working principle of the ORC is the following. The liquid obtained from the condenser outlet is pumped to the evaporator I (1-2), where it is vaporized until it becomes superheated vapour (from position 2 to 3). In the turbine I, vapour from the evaporator I is expanded (position 3-4) and in the evaporator II, waste heat exchanges heat with the working fluid (R245fa) (position 4-5), which flows to the turbine II to do work, used by the generator (position 5-6). Exhausted stream from the turbine II enters the condenser and it is c ooled down to saturated liquid (position 6-1). Table 1 illustrates the initial conditions used in the thermodynamic simulation. where TA is the inlet temperature, TB the outlet temperature, ηT the efficiency of the turbine, ηP efficiency of the pump, P1 and P2 and P4 the pressure at the positions 1, 2 and 4 respectively, T3 the temperature at the position 3 and m the mass flow. (1) 
Environmental Analysis
This analysis uses qualitative and quantitative data to analyse the quality of groundwater in the surrounding areas of the incinerator and the landfill of the island. For this, data of the mass distribution and water supply network, potential of groundwater recharge and chemical status of groundwater in Terceira island were used.
Economic Analysis
This analysis uses as supporting data the financial statements report from 2014 to 2017 [31] - [34] of the municipal company of management and environmental valorisation of Terceira Island (responsible for the management of the landfill and incinerator).
To assess the sustainability of this investment Eq. (20)-(26) were used (Table 3 ). For the risk analysis, the Monte Carlo simulation of palisade @risk tool was used. For this, the normal distribution was defined, and the simulation was performed with 500 iterations and 10 simulations. 
RESULTS AND DISCUSSION
Thermodynamic Modelling and Simulation
The results of the thermodynamic simulation are illustrated in Table 4 . As it can be seen, for an initial mass flow of 19 727 tonnes, the net rate of work is 485 kW, the efficiency of the cycle is 21 % and the efficiency of the power plant (19 % Fig. 5 illustrates the variation of the turbine power output with temperature. As can be seen, the net output increases linearly with the increment of the temperature. When the temperature increases from 100 to 150 °C, the net output keeps rising from 609.92 to 679.3 kW, respectively. These results are sustained by Li et al. [37] . T he authors found that for temperatures range from 145-155 °C the power of the turbine increases. In Fig. 6 it can be seen how the performance of the turbines and of the system is affected by the temperature. The efficiency of the turbines increases, from 21.4 % to 21.7 % when the temperature increases from 160 to 175 °C and the efficiency of the power plant increases from 19.2 % to 19.6 % for the same temperature variation. Even though both efficiencies (turbine and power plant) increase, this change is less than 1 %. A study carried out by Li et al. [37] supports the results obtained. The authors justify this low range of efficiencies with the low-pressure ratio in the turbines caused by a pressure drop in the turbine outlet and in the condenser inlet. Similar results have also been reported by Li et al. [38] , where the efficiency of the cycle increased linearly with the change in the temperature. Overall, increasing the average temperature can improve the thermal efficiency of the cycle [39] . Fig. 7 illustrates the variation of fuel to electricity ratio (FTE) with temperature. As can be seen, when the temperature increases, the FTE increases from 4.1 to 4.5. Fig. 8 shows the variation of the net power output with pressure. When the pressure varies from 0.5 to 3.0 MPa, the net power output increases from 226 to 395 kW, respectively. These observations were also reported by Usman et al. [40] . Overall, this increase with the pressure can be explained by the temperature of the working fluid because the higher the temperature of the work ing fluid, the higher the net power output and the higher the pressure ratio of the turbine. The relationship between the efficiencies of the power plant and the turbines with the pressure are displayed in Fig. 9 . As observed, the pressure exhibits a positive effect on both efficiencies. It increases with the increment of the pressure. When the pressure varies from 0.50 to 3.0 MPa, the efficiency of the power plant increases from 12 % to a maximum of 19 %, and it decreases to 18.89 % when the pressure reaches 3.5 MPa. Regarding the efficiency of the turbine, it increases from 13 % to a maximum of 21 % when the pressure varies between 0.50 and 3.0 MPa, and it decreases to 20.99 % when the pressure reaches 3.5 MPa. Mago et al. and Wu reported similar conclusions [18] , [39] . The authors concluded that the higher the pressure, the higher the network and the higher the thermal efficiency. The relationship between the net power output and the mass flow is plotted in Fig. 10 . The graph shows a linear evolution of the net power output from 246 to 984 kW, with the increase of the mass flow from 10 000 tons to 40 000 tonnes, respectively. A study carried out by Pang et al. [41] reveals a similar relationship between mass flow and power consumption. Fig. 11 illustrates the water masses distribution and water points for supply of Terceira island. The island has 36 water collection points (0.09 collection points/km 2 ) supplied by 229 springs (0.57 springs/km 2 ). As it can be seen from the figure, the landfill and the incinerator are in the intersection of three water masses (central, Ribeirinha and Caldeira Guilherme Moniz), that supply water to many collection points. The springs are mainly located in the Labaçal -Quatro Ribeiras, Santa Bárbara Inferior, Central and Caldeira Guilherme Moniz water masses, while the water collection points are mainly in Caldeira de Guilherme Moniz, Graben and Ignimbrito Lajes [42] . The water resources (groundwater) of Terceira represent 193.1 hm 3 /year from which, 56.7 hm 3 /year comes from the water mass Caldeira Guilherme Moniz, and 39.1 hm 3 /year from the water mass Biscoitos -Terra Chã [42] . This data illustrates the importance of water protection specifically in case of the water masses surrounding the landfill, to ensure water quality for human consumption.
Environmental Analysis
The potential of groundwater recharge in the different water masses in Terceira Island is represented in Fig. 12 . As it can be seen, the potential of groundwater recharge is higher in Caldeira Guilherme Moniz (34 hm 3 /year), followed by Biscoitos -Terra Chã (23. From the environmental perspective, the landfill and the incinerator are in a sensitive area of groundwater recharge. According to Rahmasary et al. [45] landfills often lack appropriate sealing to prevent leaking. In the case of rupture of the sealing cells of the solid waste landfill, the local groundwater supplies will be contaminated, the water will be unfit for human consumption, and the natural recharge of the water mass will not be enough to neutralize the problem, since the recharge potential in this area is relatively low (2.1-4.5 hm 3 /year). However, a study by Machado [46] shows that at that time the groundwater in this area was not affected by the proximity to the landfill and that the water from the collection point in this area was not used for human co nsumption.
The overall status of the groundwater quality in Terceira was analysed by the Government of the Azores. Table 5 shows the chemical status of groundwater in Terceira Island. The chemical analysis performed at all the groundwater masses of the island revealed that they are in good condition. Just three values have been reported above the acceptable levels, but none of these is in the area adjacent to the landfill. Quantitative and chemical data show that the quality of the groundwater of the island is 'Good' (the classification system 'Good' or 'Poor' is established in the Directive 2000/60/EC of the European Parliament and of the Council in the field of water policy [47] ).
Even though there are no apparent impacts for human consumption, removing the sealing cells at the landfill (through incineration) will drastically reduce the risk of contamination of the groundwater supplies, and it will give room for soil recovery.
Economic Analysis
The results of the economic analysis are represented in Table 6 , and include the total investment costs, operating costs, investment profitability, funding sources, financial sustainability, return on capital invested, and net present value, from the year of constr uction until the year 2033. The investment costs are done essentially on the first year with the construction of the incinerator (-35 383 920 EUR). As it can be seen from the table, the operating costs in the year 2014 represent nearly 64 % of the total operating costs, 56 % in 2015 and 25 % between 2016-2033. The staff and administrative expenditure represent approximately 20 % of the total operating costs. Regarding the investment profitability, it includes the revenue from the sale of energy to the Electricity of the Azores knowing that in the year of 2016, the energy produced by the incinerator was 10 255 MWh year and that the electricity was bought at 96 €/MW (0.096 €/kW). Also, it should be considered that the plant was in the test phase in the year 2015, justifying the difference in the sales and se rvices between the years 2015 and 2016. The cash flow of the project is positive just in the year 2016 due to the funding sources used to pay the construction expenses. The project is not profitable since the net present value is negative (-17 518 112.87 EUR). Chang and Davila [48] also analysed the investment costs of incineration construction. The authors concluded that incineration facilities have very high investment costs making it less competitive than residues deposit in the landfills. It was proposed a public-private partnership as a solution the high investment costs reported in this type of projects. Fig. 13 represents the probability distribution of the investment, with a normal distribution. The model indicates that 90 % of the net present values are probable to occur between -23 010 752.54 € and -12 322 025.03 €. The mean of the net present value is -17 518 036.90 €. Even though the project has energetic potential, it seems over-dimensioned for the size of the island, making it economically inviable. At the moment, the operating costs exceed the revenue obtained from the sale of energy, making the project highly inviable. There is a need for strategies to reduce operating costs and increase revenue. There are many residues deposited in the landfill that can be used for the production and sale of ener gy or even the utilization of residues from other islands of the archipelago. However, it is very unlikely that this project will be profitable in its lifetime because the island has a limited capacity for energy that can be injected into the grid. The major solution for this problem would have been proper planning and the construction of a smaller power plant that would have smaller operating costs and would partially reduce the losses of the project. Despite the project not being economically feasible (due to the operation costs), studies of this nature are essential to ensure appropriate planning of cogeneration systems. The main conclusion that can be drawn from this study is that the project was not properly planned. If studies of this nature had been carried out before, the central could have been economically profitable. Despite the energetic potential of the power plant, and the environmental advantages of its implementation, its technical specifications (size) make it unviable. 
CONCLUSIONS
This paper develops and simulates a thermodynamic, environmental and economic model of an ORC for urban waste recovery, using R245fa as a working fluid. It also investigates the effects of temperature, pressure and mass flow on net output, the efficiency of the power plant, mass flow rate and FTE. The results show that with a yearly mass supply of 19 727 tonnes it is possible to produce 485 kW of energy and have a maximum efficiency of the cycle of 25 %. From an energetic point of view, ORC is a promising solution for electricity production on Terceira Island (Azores, Portugal). It can also be used as an environmental solution to the large number of urban wastes deposited in the landfill, and as a strategy leading to a low carbon society. However, the economic analysis in this study indicates that the construction of an incinerator in Terceira Island is not self-sustainable. Its losses exceed to 500 000.00 EUR per year.
Studies of this nature are essential to ensure the technical and economic viability of a cogeneration system. Upcoming work can include the development and exploitation of this model, namely the use of different working fluids and its applications in other isolated areas. Also, this study can be further developed from the economic perspective, to analyse solutions to minimize the economic losses of the incinerator constructed in Terceira Island and to provide a supporting tool to decision makers.
